INTRODUCTION
Arabinan is a pectic polysaccharide consisting of a backbone of α-1,5-linked L-arabinofuranosyl units, which are further decorated with α-1,2-and α-1,3-linked arabinofuranosides. In the plant cell wall, arabinan is generally linked to rhamnogalacturonan, and often substituted with terminal phenolic esters, particularly feruloyl or coumaroyl, which can dimerize oxidatively to form links between the rhamnogalacturonan polymers [1] . Arabinan is mainly found in seeds, fruits and vegetables. In guard cells, arabinan chains play a key role in determining cell wall flexibility, which was shown to be essential for stomata function [2] . The complete degradation of arabinan to arabinose units is accomplished by a synergistic action of two enzymes: α-L-arabinofuranosidase (EC 3.2.1.55) and arabinanase (EC 3.2.1.99). The former removes the α-1,2-and α-1,3-linked arabinofuranoside substitutions, and the latter is responsible for the hydrolysis of the arabinan backbone. Arabinanases are mainly found in GH (glycoside hydrolase) family 43, according to the CAZy (Carbohydrate-Active enZymes) classification (http://www.cazy.org/). Members of this family work in an inverting mechanism and share a five-bladed β-propeller catalytic domain [3] . The active site of enzymes within GH family 43 possesses three essential catalytic acidic residues [4] . One carboxylate acts as a general acid, protonating the leaving aglycon and making it a better leaving group. A second acidic residue functions as a general base, activating a water molecule for a single-displacement attack on the anomeric carbon, resulting in inversion of the anomeric configuration. The putative roles of the third residue are: (a) keeping the correct alignment of the general acid residue in reference to the substrate, (b) modulating the pK a of the general acid residue, and (c) stabilizing the oxocarbenium-ion-like transition state via interaction with the 2-OH of the glycon [3, 5, 6] . Previously a new arabinanase from Penicillium chrysogenum was characterized. This enzyme, which works in a retaining mechanism, is quite distinct from other studied arabinanase and was classified into GH family 93 [7, 8] .
Geobacillus stearothermophilus T-6 is a thermophilic Grampositive soil bacterium, which was originally isolated owing to its ability to produce an alkaline-tolerant, thermostable xylanase for the biobleaching of wood pulp [9] . The bacterium possesses an extensive hemicellulolytic system comprising over 50 genes. The arabinan utilization system is clustered on a 30.5 kb segment and contains two arabinanases, AbnA and AbnB; two arabinofuranosidases, AbfA and AbfB; ABC (ATPbinding-cassette) transport systems for arabinose, AraEGH, and arabino-oligosaccharides, AbnEFJ; a two-component arabinose sensing system, AraPST; an arabinose metabolism transcriptional Abbreviations used: ABC, ATP-binding-cassette; AbnB-WT, wild-type AbnB; CAZy, Carbohydrate-Active enZymes; D.P., degree of polymerization; GH, glycoside hydrolase; HPAEC, high performance anion-exchange chromatography; ITC, isothermal titration calorimetry; PAD, pulsed amperometric detection; PEG, poly(ethylene glycol).
The atomic co-ordinates of AbnB-WT (wild-type AbnB), AbnB-E201A, AbnB-D27A, AbnB-E201A/arabinotriose, and AbnB-D147A/arabinobiose have been deposited in the Research Collaboratory for Structural Bioinformatics Protein Data Bank under accession codes 3CU9, 3D5Y, 3D60, 3D5Z and 3D61 respectively. 1 Correspondence may be addressed to either of these authors (email yshoham@tx.technion.ac.il or gil2@vms.huji.ac.il).
repressor, AraR; and arabinose-metabolizing enzymes, AraABD. The arrangement of the cluster suggests that the arabinan utilization strategy in this strain is similar to that of xylan utilization [10, 11] . An extracellular endo arabinanase, AbnA, hydrolyses the main high molecular mass arabinan polymer to produce short substituted arabino-oligosaccharides. These products enter the cell via specific ABC sugar transporters, AbnEFJ, and their final degradation is accomplished by the action of two intracellular α-Larabinofuranosidases, AbfA and AbfB, that remove the α-1,2-and α-1,3-linked arabinofuranoside substitutions, and an intracellular arabinanase, AbnB, that hydrolases the short unmodified arabinooligomers. The physiological advantage of this strategy is that the extracellular substituted oligosaccharide products are not easily available for competing micro-organisms that lack the specific arabino-oligosaccharide transport system [11, 12] . Currently there are ten three-dimensional structures of GH family 43 members, five β-xylosidases, four arabinanases, and one arabinofuranosidase, of which only three have an enzyme-substrate complex -the Cellvibrio japonicus arabinanase (CjArb43A) [3] , the G. stearothermophilus β-xylosidase [5] , and the Bacillus subtilis arabinoxylan-arabinofuranosidase [13] . Here we describe the biochemical characterization, crystallographic analysis and three-dimensional structures of native AbnB, and its catalytic mutants together with the enzyme's natural substrates, arabinobiose and arabinotriose. The high resolution of the structures allows the identification of the residues involved in substrate recognition and catalysis and the putative catalytic water molecule.
EXPERIMENTAL

General
Linear arabinan and the arabino-oligosaccharides were purchased from Megazyme (Wicklow, Ireland). All other chemicals were purchased from Sigma Chemical Co. or Fluka unless otherwise stated. DNA manipulation reagents were purchased from New England Biolabs.
Cloning, mutagenesis, protein expression and purification of AbnB
The abnB gene (GenBank ® accession number DQ868502) was amplified from the genomic DNA of G. stearothermophilus T-6 using PCR (N-terminal primer: 5 -CTCAAATCCATGGTTCA-TTTTCACCCCTTTGGC-3 ; C-terminal primer: 5 -GGCTGCA-GGGATCCTCAAACTGACAAATACGGCCACCC-3 ), digested with NcoI and BamHI and cloned into the NcoI and BamHI sites in the T7 polymerase expression vector pET9d (Novagen).
Site-directed mutagenesis was performed using the QuikChange site-directed mutagenesis kit (Stratagene). The mutagenic primers were as follows: D27A, 5 -GGCAATGTTAA-CTTTTACGCAATGGATTGGAGTCTTAAGGGAG-3 and 5 -CTCCCTTAAGACTCCAATCCATTGCGTAAAAGTTAACAT-TGCC-3 ; D147A, 5 -GCTTCCGATAACTATAATGCAATT-GCTCCGAATGTAGTTTTTGATC-3 and 5 -GATCAAAAA-CTACATTCGGAGCAATTGCATTATAGTTATCGGAAGC-3 ;  E201A, 5 -GGGTGAGGAGCCTAATGCCATAGCAGCCCCTT-TTATCGTGTG-3 and 5 -CACACGATAAAAGGGGCTGCTAT-GGCATTAGGCTCCTCACCC-3 . The mutated genes were sequenced to confirm that only the desired mutations were inserted. Expression and purification of AbnB and its catalytic mutants was performed as described for the G. stearothermophilus β-xylosidase XynB3 [6] .
Enzymatic assays
Reduction of viscosity over time upon the action of AbnB on debranched arabinan was measured using a Cannon-Fenske Routine Viscometer size 100 (Cannon Instrument, State College, PA, U.S.A.). The reaction was carried out inside the viscometer and contained 0.25 % debranched arabinan and 3.25 μg/ml AbnB in 100 mM phosphate buffer, pH 7.0, at 40
• C. During the reaction, aliquots (50 μl) were taken for reducing sugar determination using 2,2 -bicinchoninate and CuSO 4 [14] , with standard curves prepared using arabinose.
Analysis of the hydrolysis products of linear arabinan by AbnB was performed using HPAEC (high performance anion-exchange chromatography) with PAD (pulsed amperometric detection) equipped with a PA1 column (Dionex, Sunnyvale, CA, U.S.A.). Linear arabinan (0.2 %) was incubated with AbnB (3.5 μg/ml) and at different time intervals samples (100 μl) were removed and diluted 5-fold with NaOH (200 mM). The samples were then loaded on to a PA1 column, and the elution was carried out with a linear gradient from 150 mM NaOH to 150 mM NaOH and 1 M sodium acetate at 1 ml/min over 40 min.
Microcalorimetry titration studies
Titration calorimetry measurements were performed with a VP-ITC (isothermal titration calorimetry) calorimeter (Microcal, Northampton, MA, U.S.A.) as previously described [15] . Prior to flash cooling, AbnB-WT, AbnB-E201A, AbnB-D147A/biose and AbnB-E201A/arabinotriose crystals were immersed for 1 min in a cryoprotectant solution containing 25 % (v/v) glycerol in the mother liquor. AbnB-D27A crystals were soaked for 1 min in a cryoprotectant solution containing 30 % (v/v) glycerol.
X-ray diffraction data collection
Crystallographic data of AbnB-WT and AbnB-E201A were collected at X10SA beamline at SLS (Swiss Light Source, Villigen PSI, Switzerland), at wavelength 0.98 Å (1 Å = 0.1 nm) using a MARCCD 225 detector (MAR-USA, Evanston, IL, U.S.A.). The data were collected at 100 K under a nitrogen stream with 1
• oscillation per image. The data were processed with the HKL2000-package [16] . AbnBD27A, AbnB-D147A/arabinobiose and AbnBE201A/arabinotriose data sets were collected at 100 K with an R-AXIS IV image-plate area detector mounted on a Rigaku RU-300 rotating-anode source operating at 40 kV and 100 mA with Cu K radiation at wavelength 1.54 Å with 1
• oscillation per image. All crystals belong to orthorhombic space group C222 1 , with unit cell parameters of a = 84.7-86.1, b = 88.8-89.7 and c = 75.3-76.0 Å. The data were processed with DENZO and SCALEPACK software packages [16] .
Structure determination and refinement
The crystal structure of AbnB-WT was determined by molecular replacement with the program CNS using the structure of ABN-TS (PDB code 1WL7) as a search model. The structures of the catalytic mutants presented here were solved directly from the first model of native AbnB. Similar observations were obtained for all structures, except for the differences in the site of mutation and a shift of two residues in AbnBD27A structure. Further refinement and water molecule insertions were obtained with the SHELXL-97 program [17] for AbnB-WT and AbnB-E201A with a fully refined anisotropic temperature factor for most of the protein atoms. The CNS program [18] was used for refinement and insertion of water molecules for AbnBD27A, AbnBD147A/arabinobiose, and AbnBE201A/arabinotriose. An annealed omit map was calculated to verify the substrate position of arabinobiose and arabinotriose in AbnBD147A/arabinobiose and AbnBE201A/arabinotriose structures respectively. Refinement and fitting of the model to the electron density map was done using the O crystallographic package [19] . The final refined models of AbnB-WT and the catalytic mutants consist of 314 residues (2-315). They also include 200-300 water molecules, Ca 2+ ion and one arabinobiose or arabinotriose molecule in the AbnBD147A/arabinobiose or AbnBE201A/arabinotriose complex respectively. There are two cis-peptide bonds between Glu 196 -Pro 197 and Gly 241 -Pro 242 . PROCHECK [20] was used for validation of all structure parameters and stereochemistry calculations. The Ramachandran plot for AbnB-WT presents 98.9 % of the residues in the most favoured and additional allowed regions, and no residues in disallowed regions, as indicated for other arabinanases.
PDB accession codes
The atomic co-ordinates of AbnB-WT, AbnB-E201A, AbnB-D27A, AbnB-E201A/arabinotriose, and AbnB-D147A/ arabinobiose have been deposited in the Research Collaboratory for Structural Bioinformatics Protein Data Bank under accession codes 3CU9, 3D5Y, 3D60, 3D5Z and 3D61 respectively. The reaction contained AbnB (3.25 μg/ml) together with debranched arabinan (0.25 %) and was carried out inside a Cannon-Fenske Routine Viscometer size 100 at 40 • C. The reducing sugar (᭺) and the relative viscosity (᭹) were measured over time.
RESULTS AND DISCUSSION
Cloning, purification and biochemical properties of AbnB
The abnB gene is a part of the arabinan utilization cluster in G. stearothermophilus T-6, and is transcribed together with arabinose metabolism genes and a putative α-galactosidase. The gene encodes a 315 amino acid protein with a calculated M r of 35762. The sequence of the AbnB protein was scanned with BLAST [21] and showed homology to arabinanases that belong to GH family 43. Of the over 600 CAZy entries in GH family 43 glycosidases, AbnB exhibit the highest homology to the arabinanases from (identities, in percentages, are in parentheses): Bacillus thermodenitrificans TS-3 (98 %), Bacillus licheniformis (56 %), B. subtilis (53 %), Sorangium cellulosum (52 %) and Bacillus amyloliquefaciens FZB42 (52 %). The protein does not include any recognizable Gram-positive bacterial signal peptide, as determined by the SignalP server [22] , and thus is likely to function intracellularly.
The abnB gene was amplified by PCR, cloned into pET9d, and overexpressed efficiently in Escherichia coli using the T7 polymerase expression system. The protein was purified in two steps: heat treatment (60 • C, 30 min) and gel-filtration chromatography. The enzyme was eluted in an elution volume corresponding to an M r of approx. 35 kDa, suggesting that AbnB is a monomer in solution. Typically, over 170 mg of purified protein (>95 % based on SDS/PAGE) was obtained from 1 litre of overnight E. coli culture.
The activity of AbnB was tested on various natural and synthetic substrates. The enzyme was most active on debranched arabinan, linear arabinan and short arabino-oligosaccharides [D.P. (degree of polymerization) of 2-8], and exhibited marginal activity toward sugar beet arabinan. No activity was detected against synthetic substrates such as pNP-α-L-arabinofuranoside, pNP-α-L-arabinopyranoside, and pNP-β-D-xylopyranoside. To determine whether AbnB works in an endo or exo mode of action, the enzyme was incubated with debranched arabinan, and the decrease in viscosity together with the increase of reducing power were determined over time (Figure 1 ). Initially, a sharp decrease in viscosity was accompanied with a relatively small increase in reducing power, suggesting an endo mode of action. At a later stage, the viscosity remained constant whereas the reducing power continued to increase. Additional support for the endo mode of action of AbnB was obtained from analysing the early hydrolysis products of linear arabinan by the enzyme using HPAEC-PAD (Figure 2) . At the beginning of the reaction, following 5 and 10 min of incubation, the enzyme produced arabino-oligosaccharides ranging in length from two to more than ten arabinose units. As the reaction progressed, the D.P. of the products was reduced and after 180 min of incubation, only arabinose, arabinobiose, and arabinotriose could be detected. This behaviour suits an endo mode of action and is in agreement with the results obtained for the highly similar arabinanase of B. thermodenitrificans TS-3 [23] .
To examine the interaction of AbnB with its natural substrates, the binding of the protein to arabino-oligosaccharides of various lengths (D.P. 4-8) was measured by ITC. To prevent hydrolysis of the ligands by the enzyme, one of the catalytic residues of the enzyme was replaced. Based on sequence alignment of AbnB to arabinanases and β-xylosidases of family 43 ( Figure 3 ) the three catalytic residues were identified as follows: Asp 27 is the general base, Glu 201 is the general acid, and Asp 147 is the pK a modulator. Calorimetric titration curves of a mutant in the general acid residue (AbnBE201A) are shown in Figure 4 , and the thermodynamic binding parameters are summarized in [15] (1 cal = 4.184 J). It is worth noting that the arabino-oligosaccharide ABC transport system (AbnEFJ) in G. stearothermophilus T-6 can interact with arabino-oligosaccharides of up to eight units (unpublished work), indicating that these oligosaccharides are accessible substrates for AbnB that works intracellularly. For A 6 , the ITC measurements were conducted at several temperatures, providing a C p value of − 113 + − 7 cal · mol −1 · K −1 . This negative C p value suggests the involvement of stacking interactions between the sugar rings and aromatic residues [15] .
Overall structure
The crystal structure of AbnB was determined by molecular replacement, using the B. thermodenitrificans TS-3 1,5-α-Larabinanase [24] (PDB code 1WL7) as a search model. We present here five structures: AbnB-WT; two catalytic mutants, AbnB-E201A and AbnB-D27A; and two complexes of the catalytic mutants with their substrates, AbnB-E201A/arabinotriose and AbnB-D147A/arabinobiose (PDB codes: 3CU9, 3D5Y, 3D60, 3D5Z and 3D61 respectively). Each asymmetric unit contains one monomer of the protein, which correlates well with the apparent molecular mass of the enzyme in solution, and a total of eight monomers are present in the unit cell. The structures contain one calcium ion and include all 314 amino acid residues of the protein. The highest resolution, 1.06 Å, was obtained for AbnB-WT, whereas the other crystal structures were determined at resolutions between 1.22 to 1.95 Å. The refinement process converged to relatively good crystallographic R-factors for all structures (14.7-19.3), with more than 95 % of the residues within the common region of the Ramachandran stereochemistry plot. Such parameters indicate that these structures can be used for reliable analysis of their intramolecular interactions, and for a detailed examination of their active sites, including distances, angles and hydrogen bonds. The crystallographic and refinement parameters are summarized in Tables 2 and 3 . Except for the immediate neighbourhood of the mutated amino acids (Asp 27 , Asp 147 and Glu 201 ), there are only rather minor conformational changes among the structures, and we hence refer to the structure of the highest resolution (AbnB-WT, 1.06 Å resolution) as a representative model, unless specifically indicated.
The overall three dimensional structure of AbnB is a single five-bladed β-propeller domain ( Figure 5 ), which is common to all GH family 43 members. The domain is constructed of five radially oriented β-sheet repeats, termed blades, which are composed of four antiparallel β-strands. The blades are linked through loops of variant lengths and are twisted around a pseudo ∼ 30 Å-long axis. A recurring feature in β-propeller structures is the 'velcro' that depicts tethering the N-and C-termini into one modular sheet. This characteristic is absent in AbnB. Instead, the N-terminal of the protein blocks the central axis of the domain through hydrophobic interactions. Such a closure mode was suggested to contribute to the thermostability of the B. thermodenitrificans TS-3 arabinanase [24] . A five-bladed β-propeller fold was first reported for tachylectin [25] and more recently in related glycosidases from GH families 32 [26] , 43 [3, 5] , and 68 [27] . In addition, such a fold was reported for human apyrase [28] , an enzyme that hydrolyses ADP into AMP and inhibits platelet activation. Interestingly, although this protein shares rather low sequence similarity with AbnB (7 %), superposition of the proteins using the DALI server [29] revealed 
Figure 3 Sequence alignment of selected family GH43 arabinanases and β-xylosidases
The sequences are identified with their PDB codes and as follows: Abn-3CU9, G. stearothermophilus T-6 arabinanase (GenPept ACE73676.1); Abn-1WL7, B. thermodenitrificans TS-3 arabinanase (GenPept BAB64339); Abn-1GYD, C. japonicus arabinanase (GenPept CAA71485.1); Abn-1UV4, B. subtilis subsp. subtilis str. 168 arabinanase (GenPept CAA99586); Xyn-2EXH, G. stearothermophilus T-6 β-xylosidase (GenPept AA98625); Xyn-1YIF, B. subtilis subsp. subtilis str. 168 β-xylosidase (GenPept CAB13642); Xyn-1YRZ, Bacillus halodurans C-125 β-xylosidase (GenPept BAB07402); Xyn-1YI7, Clostridium acetobutylicum ATCC 824 β-xylosidase (GenPept AAK81382). Strictly conserved residues are written in white and boxed in black. Highly similar sequence regions are written in black letters in black border. The catalytic triad is indicated by stars. Conserved residues that are essential for substrate recognition in GH43 arabinanases are denoted by circles. Conserved residues that are essential for substrate recognition in GH43 arabinanases and β-xylosidases are denoted by triangles. The sequence numbering and secondary structure elements correspond to the sequence of G. stearothermophilus T-6 arabinanase. The Figure was produced with ESPRIPT [35] .
Figure 4 Calorimetric titration of AbnBE201A with (a) arabinotetraose; (b) arabinopentaose; (c) arabinohexaose; (d) arabinoheptaose; and (e) arabinooctaose
The top half of each experiment shows the raw data for calorimetric titration, and the lower half displays the integrated injection heats from the upper panel, corrected for control dilution heats. The solid line is the curve of best fit that was used to derive parameters n (stoichiometry), K B , and subsequently S. a significant structural similarity, with a DALI Z-score of 12.9 and rmsd (root mean square deviation) of 3.5 Å for the 225 common C α atoms. Furthermore, substrate binding by both proteins occurs in the exact same position of the enzymes. These findings strongly imply on a distant relationship between apyrase and AbnB and probably other five-bladed β-propeller glycosidases.
The catalytic active site
The catalytic active site of AbnB is located at the end of a funnelshaped cavity, formed by the five blades. It has been reported by us [5] and others [3, 4] that unlike most inverting glycoside hydrolases, which utilize only two acidic catalytic residues that function as a general base and a general acid, three conserved acidic residues are required for the activity of glycosidases that belong to family 43. Based on sequence homology, these residues in AbnB are Asp 27 , the general base; Glu 201 , the general acid; and Asp 147 , the pK a modulator. This catalytic triad of carboxylates is located on blades I, III and IV on the innermost β-strands, and points toward the centre of the cavity ( Figure 5) .
The active-site topology of AbnB can be described as a long groove with a narrow bridge that connects its brinks. The bridge is formed by Phe 104 , a highly conserved amino acid in GH family 43 arabinanases, that is 4.1 Å distant from Cys 222 , which is part of the groove's wall. This architecture prevents the binding of high molecular mass arabinan, which is required for the endo mode of action exhibited by the enzyme. Therefore, conformational change of Phe 104 is a prerequisite for binding long oligosaccharides. Such conformational changes were observed for the arabinanases from C. japonicus and B. subtilis. In the crystal structure of native CjArb43A (PDB code 1gyd), the entrance to the groove is wider, as Phe 114 is 6.4 Å from Cys 242 . Upon ligand binding in CjArb43A (PDB code 1gye), the binding cleft closes, and the distance between Phe 114 and Cys 242 is reduced to 5.9 Å. In the crystal structure of the B. subtilis arabinanase (BsArb43A, PDB code 1uv4) the active site has a canonical groove topology due to a different rotameric form of Phe 94 that is perpendicular to the rotameric forms observed in AbnB and CjArb43A (Figure 5c ).
Enzyme-substrate complexes and catalytic mechanism
To obtain complexes of AbnB together with its natural substrates, catalytic mutants of the enzyme were co-crystallized with arabinobiose and arabinotriose. Clear electron densities of the ligands were observed for the co-crystallizations of AbnBE201A with arabinotriose, and AbnBD147A with arabinobiose. The exact positions and conformations of the substrates were further verified by calculating the corresponding annealed omit map. The arabinobiose molecule complexed with AbnBD147A occupies subsites + 1 and + 2, whereas the arabinotriose molecule in the AbnBE201A/arabinotriose complex spans subsites − 1 to + 2. Hence, as a representative model, we refer here to the AbnBE201A/arabinotriose complex.
The enzyme-substrate complex reveals the residues that participate in ligand recognition (Figure 6 ), of which some are invariant among all GH family 43 members, whereas others are conserved only in family 43 arabinanases (Figure 3) . The arabinose moiety at the − 1 subsite is found in 2 E conformation, and its position is maintained by hydrogen bonds with the catalytic residues Asp 27 and Asp 147 . The 2-OH of the glycon can establish hydrogen bonds with both oxygen atoms of Asp 147 , the pK a modulator, so that O δ1 of the aspartate interacts with the 3-OH of the sugar. The 5-OH of the arabinose unit at the − 1 subsite can interact with O δ2 of Asp 27 , the general base. Unlike the case of the G. stearothermophilus GH family 43 β-xylosidase [5] , in which only the 3-OH of the xylose moiety at the + 1 subsite forms a hydrogen bond with the enzyme, both free hydroxyls of the arabinose unit occupying subsite + 1 in AbnB interact with the protein. . These multiple interactions with the arabinose unit at subsite + 1 can explain the inability of the enzyme to hydrolyse synthetic substrates, such as pNP-α-L-arabinofuranoside, that require accommodation of synthetic aromatic groups in this subsite. The interaction with the arabinose unit at the + 2 subsite is less tight, with only the carbonyl of Gly 105 forming bidentate hydrogen bonding with the 2-and 3-OH of the sugar. The absence of interaction with the anomeric hydroxyl of the sugar moiety at the + 2 subsite is not surprising, since in longer arabinan chains this oxygen is part of the glycosidic linkage to the rest of the chain.
The active site of AbnB contains several conserved hydrophobic residues as well, that can create hydrophobic interactions with the substrate. Additional support for the involvement of hydrophobic interactions comes form the ITC measurements with arabinohexaose (A 6 ) at different temperatures yielding a negative C p for binding (Table 1) . These interactions further confer specificity by disallowing binding of other ligands through steric hindrance and/or an unfavourable non-polar environment [30] . Trp 84 , located on the loop connecting blades I and II, is part of the GH family 43 invariant element WAP. This residue forms a stacking interaction with the α-side of the arabinose unit occupying the − 1 subsite. Substitution of the equivalent residue in BsArb43A resulted in a ∼ 10 4 -fold reduction for the hydrolysis of linear arabinan [31] . Ile 146 is located 3.9 Å from the glycon, and is part of a conserved sequence (NAID) in arabinanases from family 43. In GH family 43 β-xylosidases, an equivalent phenylalanine residue (Phe 127 in G. stearothermophilus β-xylosidase) is involved in this interaction. A notable feature of the AbnB active site is the presence of a disulfide bond formed by adjacent cysteines Cys 221 and Cys 222 . Within GH family 43, these residues are conserved only in arabinanases and are located < 4 Å from the endocyclic oxygen and C-5 of the glycone. Such a rare occurrence of vicinal cysteines forming a disulfide bond in an enzyme active site was also reported for GH 54 arabinofuranosidase from Aspergillus kawachii. In this case, the cysteines residues contribute to substrate recognition through hydrophobic interaction with C-4 and C-5 of the arabinose molecule [32] . Phe 104 , which forms the bridge above the binding groove, is located near the arabinose moiety in subsite + 1, to which it is nearly perpendicular. Phe 165 and Trp 166 are part of the conserved sequence FGSFW, situated on a loop connecting strands two and three on the third blade. The phenylalanine is in the vicinity of the glycosidic bond connecting units two and three, whereas the indole ring of Trp 166 creates a stacking interaction with the β-side of the arabinose moiety in the + 2 subsite. A potentially additional stacking interaction can be contributed by Trp 24 , found in the binding groove further to the non-reducing-end side. Interestingly, in CjArb43A, that functions in an exo mode of action to liberate arabinotriose, this position is engaged by Asp 35 , that together with Gln 316 , interacts with the 5-OH of the terminal arabinose unit at the − 3 subsite. Substitution of Asp 35 with the equivalent residue in BsArb43A (Leu 11 ), and Gln 316 with alanine, enabled CjArb43A D35A/Q316A to work in an endo mode of action on linear arabinan [31] .
Based on the crystal structures of AbnB together with its substrates, the position of the three catalytic carboxylates is in agreement with their putative catalytic roles. The general base, Asp 27 , is situated on the α-side of the glycon, 6 Å from the anomeric carbon. The exact orientation of the general base toward the substrate is maintained by hydrogen bonding with two conserved residues in GH 43 arabinanases, His 26 and Thr 42 . In family 43 β-xylosidase from G. stearothermophilus, the general base orientation is maintained by interaction with Ser 30 , which is invariant among GH43 xylosidases and its position is equivalent to Thr 42 in AbnB. The position of Asp 27 allows it to activate a water molecule for a single displacement attack on the anomeric Hydrogen bonds were determined using CHIMERA [36] . Figures 5 and 6 were prepared with CHIMERA [36] and SPOCK [37] .
carbon, resulting in the inversion of the anomeric configuration. This potentially catalytic water molecule can be observed in the crystal structure AbnBE201A/arabinotriose (molecule 501 in the PDB file) which is located 2.8 Å from O δ1 of Asp 27 and 3.7 Å from the anomeric carbon. The position of this molecule is kept via hydrogen bonding with a conserved tyrosine (Tyr 229 ) that is 2.6 Å distant from it. The general acid residue, Glu 201 , is 2.4 Å from the glycosidic oxygen, allowing it to protonate the aglycon. The orientation of this residue in reference to the substrate is kept through hydrogen bonding with Ser 164 and Tyr 229 . These conserved residues might also play a role in pK a modulation of the general acid. The third catalytic carboxylic acid, Asp 147 , is located 4.2 Å from Glu 201 , a distance that enables it to raise its pK a , keeping it protonated for the reaction at physiological pH values. In addition, Asp 147 can form a bidentate hydrogen bond with the C-2 and C-3 hydroxyls of the glycon. The O δ2 of Asp 147 is found 2.5 Å from the 2-OH of the arabinose unit occupying the − 1 subsite, forming a low-barrier hydrogen bond. The interaction with the 2-OH of the glycon was shown to be highly important for transition state stabilization, contributing more than 33.5 kJ · mol −1 [33] . The importance of this interaction is 2-fold [34] . First, it aids to distort the sugar ring to the unstable transition state, in which C-4, O-4, C-1 and C-2 are co-planar. Secondly, it reduces the electronegativity of the 2-OH, required for the development of a positive charge on the oxocarbenium ion-like transition state.
Conclusions
We have described here the biochemical and structural characterization of AbnB, an intracellular arabinanase from G. stearothermophilus. When acting on linear arabinan, the enzyme reduced the viscosity sharply and released arabinooligosaccharides ranging in length from two to more than ten units, indicating that the enzyme works in an endo mode of action. ITC analysis of the interaction between a catalytic mutant of AbnB and various arabino-oligosaccharides suggested that the active site of the protein can accommodate at least five arabinose units. The crystal structure of AbnB was obtained in high resolution and the complex structure of the enzyme with its natural substrate arabinotriose allowed the identification of the residues that recognize the ligand and determined its substrate specificity. Based on the enzyme crystal structures, the position of the three catalytic carboxylates is in agreement with their putative catalytic roles. Asp 27 , the general base, is found 6 Å from the anomeric carbon on the α-side of the glycon, from which it can activate a water molecule for a single displacement attack on the anomeric carbon. Glu 201 , the general acid, is located 2.4 Å from the glycosidic oxygen, allowing it to donate a proton to the leaving aglycon. Asp 147 is found 2.5 Å from the 2-OH of the glycon, forming a lowbarrier hydrogen bond which is highly important for transition state stabilization. In addition, Asp 147 is located 4.2 Å from Glu 201 , a distance that enables it to modulate the pK a of the general acid. Interestingly, in the structure of AbnBE201A complexed with arabinotriose, a single water molecule is trapped 2.8 Å from the general base residue and 3.7 Å from the anomeric carbon. This location suits the putative location of the catalytic water molecule that is activated by the general base, and attacks the anomeric carbon. This exact position of the water molecule is maintained by hydrogen bonding with a conserved tyrosine (Tyr 229 ), which is 2.6 Å away from it.
